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NUCLEAR SPIN POLARIZATION IN SILICON NANOSTRUCTURES
WITH CHARGE CARRIER INJECTION
A. L. Danilyuk* and V. E. Borisenko UDC 539.143.5
We theoretically examine injection polarization of nuclear spins in silicon nanostructures with hyperfine inter-
action of nuclei with excited triplet states. We predict the possibility of the appearance of self-sustaining nu-
clear spin polarization, initiated by an external field. We show that if the external magnetic field is varied,
we observe up to a 600-fold jump in the number of spin-polarized nuclei. A similar up to 40-fold jump also
appears as the charge carrier injection rate increases.
Key words: nuclear polarization, silicon, hyperfine interaction, triplet state, nanostructure.
Introduction. Study of the behavior of electronic and nuclear spins in nanostructures upon excitation of their
electronic subsystem is important for spintronics and quantum calculations. Due to the insufficient sensitivity of tradi-
tional rf spectroscopy methods, optical and electrical polarization and detection methods are used for these purposes
[1–3]. Using electrical methods for metrology and control of spin ensembles leads to full-fledged integration of spin
systems into semiconductor electronics [4]. From this standpoint, nuclear polarization (controllable by excitation of the
electronic subsystem) is promising. For example, in silicon it is due to hyperfine interaction of the 29Si nuclei with
donor or triplet centers [5–7]. Substantial polarization of the nuclei in the first case is achieved by excitation of the
electronic subsystem with circularly polarized light in compensated silicon, containing donor and acceptor centers; in
the second case, by excitation with unpolarized light in a magnetic field. In this case, the degree of nuclear polariza-
tion reaches 5%–8% of the concentration of silicon nuclei as a result of hyperfine interaction with excited triplet cen-
ters of the Si–S1 type [7]. This effect is promising for development of electronic control of nuclear polarization in
silicon nanostructures.
The aim of this work was to model injection polarization of silicon nuclear spins in silicon nanostructures
when they interact with triplet states, taking into account the magnetic field created by the nuclei.
The model. Let us describe the contact interaction of the nuclei with a triplet center with spin S = 1 using
the familiar Hamiltonian in [7, 8] which, taking into account the field HN = hN I created by the nuclei at the elec-
tron, has the form:
H = gSµB [H0 + hN  I ] S + D [Sz
2
 − (1 ⁄
 
3) S2] + E (Sx
2
 − Sy
2) +  ASI , (1)
where µB is the Bohr magneton; gS is the g factor for the electron of the triplet center; S is the electronic spin; I,
I are the nuclear spin and its average value; Sx, Sy, Sz are the spatial components of the electron spin; A is the elec-
tron-nuclear spin–spin coupling constant; H0 is the external magnetic field; D, E are the fine structure parameters of
the center; hN is the maximum nuclear field at the electron.
If the magnetic field is not parallel to any of the axes of the triplet center, then the spin eigenfunctions of the
triplet state in the form of linear combinations look like [9]:
*To whom correspondence should be addressed.
Belarussian State University of Information Science and Electronics, 6 ul. P. Brovki, Minsk, 220013, Belarus.
E-mail: danilyuk@nano-center.org. Translated from Zhurnal Prikladnoi Spektroskopii, Vol. 73, No. 5, pp. 647–653,
September–October, 2006. Original article submitted April 4, 2006.
Journal of Applied Spectroscopy, Vol. 73, No. 5, 2006
0021-9037/06/7305-0727 ©2006 Springer Science+Business Media, Inc. 727





Here TX, TY, TZ are the basis functions in zero magnetic field; cjk are coefficients; k = 1, 2, 3; j = X, Y, Z are the
axes of the triplet center: X = (1/3)D – E, Y = (1/3)D + E, Z = –(1/3)D.
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where Hx, Hy, Hz are the spatial components of the external magnetic field; Ix, Iy, Iz are the spatial components
of the average nuclear spin.
From (3), we obtain a cubic equation of the form
W3
 + pW + q = 0 , (4)
in which
p = − [(gµB)
2








 (Hz + hN  Iz )
2
 + (1 ⁄
 
3) D2 + E2] < 0 , (5)








 (Hy + hN  Iy )
2
 − 2 (gµB)2 (Hz + hN  Iz)2 + (2 ⁄ 9) D2 − 2E2] . (6)
For the condition Q = (p/3)3 + (q/2)2 < 0, a trigonometric solution of Eq. (4) is valid which, according to
[10], has the form:
W1 = 2 √⎯⎯⎯⎯⎯− p ⁄ 3  cos (α ⁄ 3) ,   W2,3 = − 2 √⎯⎯⎯⎯⎯− p ⁄ 3  cos [(α ⁄ 3)  (π ⁄ 3)] , (7)
where cos α = −q√⎯⎯⎯⎯⎯⎯ −(p ⁄
 
3)3 .
After transformations, we obtain
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where ax,y,z = gµB(Hx,y,z + hN Ix,y,z)/D are the normalized spatial components of the magnetic field H0 + hN I.
Note that for Q > 0 and p < 0, Eq. (4) has one real root and two complex conjugate roots.
Starting from Hamiltonian (1), in [11] expressions were obtained for the coefficients of the wave functions in
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 , (11)
where Yk = (Y/D) – (Wk/D), Xk = (X/D) – (Wk/D), V(Xk, Yk) = ay2Yk2 + ax3Xk2 + az2(ax2 + ay2) + [Xk2Yk2 – az2]2.
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Expressions (7), (8), and (9)–(11) allow us to calculate the energies of the triplet states and the squares of the
coefficients for the wave functions (2) based on the trigonometric solution of the secular equation we have proposed,
taking into account the nuclear field in the case when the external field is not parallel to any of the axes of the triplet
center.
For a magnetic field parallel to some axis of the triplet center, the expressions for the energies of the triplet
states are simplified. If the field is parallel to the z axis (HOz), then according to [8, 11], the energies of the states
for the considered case have the form:
W1,3 = (D ⁄ 3)  E √⎯⎯⎯⎯1 + aE2  ,   W2 = − 2D ⁄ 3 , (12)
where taking into account the nuclear field, we have the coefficient aE = gµB(Hz + hN Iz/E.
If the field is parallel to the x axis (HOx):
W1,2 = − 
D − 3E
6   
(D + E)
2  √⎯⎯⎯⎯⎯1 + aDx2  ,   W3 = (D ⁄ 3) − E ,
  
(13)
where aDx = 2gµB(Hx + hN Ix)/(D + E).
If the field is parallel to the y axis (H  Oy):
W1 = (D ⁄ 3) + E ,   W2,3 = − 
D + 3E
6   
(D − E)
2  √⎯⎯⎯⎯⎯1 + aDy2  , (14)
where aDy = 2gµB(Hy + hN Iy)/(D – E).
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, ap = aDy.
If the field makes an angle with the z axis that is not very large, θ ≤ π/6, then the energies of the triplet
states and the squares of the wave functions have the form [7]:
W1 = (D ⁄ 3) + hz ,   W2,3 = − (1 ⁄ 2) ⎡⎣(D
 ⁄
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2)  (1 ⁄
 
2) (hz − D) ⁄ √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯(hz − D)2 − 2hz2 sin2 θ  , (17)
where hz = gSµB(Hz + hN Iz).
Nuclear polarization arises as a result of hyperfine interaction of the nuclear spins with the excited triplet
states, which are in a nonequilibrium spin state [6, 7]. Let us consider an isotropic hyperfine interaction, the Hamil-
tonian of which has the form [7, 12]:
HHFI =A  [SzIz + (1 ⁄ 2) (S+I− + S−I+)] , (18)
where the terms S+I– and S–I+ correspond to transitions with simultaneous changes in the projections of the electronic
and nuclear spins ∆mS = ±1 and ∆mI = –(±1). Such transitions occur as a result of modulation of the hyperfine inter-
action.
By introducing the probabilities of the relaxation transitions wij changing the projection of the nuclear spin mI,
which are accompanied by transitions of electrons between the states Tj, in analogy with [13] let us construct the ki-
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netic equations for the populations of the nuclear and electronic magnetic sublevels, leading to the following equation
for the degree of nuclear polarization in the general case:
Pn − Pn0 = 
(3 ⁄
 
2) f [(P1 − P10) (w12 − w21 + w13 − w31) + (P2 − P20) (w13 − w31 + w23 − w32)]
w12 + w12 + w13 + w13 + w23 + w32
 ,
(19)
where P1 = (n+ – n0)/n, P2 = (n0 – n–)/n are the polarizations of the electrons; n = n+ + n0 + n–, n+, n0, n– are the
populations of the corresponding levels of the triplet center; f is the nuclear polarization leakage factor; Pn0 is the
equilibrium value of the nuclear polarization.
Let us determine the polarizations of the electrons, taking into account spin relaxation in the excited triplet
state, using a system of kinetic equations that we write in analogy with the system presented in [14]:
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where Γ+, Γ0, Γ– are the rates at which the triplet levels ⏐+1, ⏐0, ⏐−1 are populated; W(+↔0), W(0↔−1), W(+↔−1)
are the corresponding probabilities of the transitions between the states T+, T0, T–; R+, R0, R– are the probabilities of
transition from the triplet states of the center to the singlet ground state due to the presence of spin–orbit coupling; τ
is the lifetime of the triplet state; τS is its spin relaxation time.
From (19), taking into account (20) and the fact that the probabilities of the relaxation transitions wij are pro-
portional to the squares of the corresponding mixing coefficients of the wave function (2) [7], we obtain an expression
for the degree of nuclear polarization. In the general case, the analytical expression for the degree of polarization is
unwieldy, and numerical solution of the system of equations (7)–(11), (19), (20) is optimal.
If the external magnetic field and the nuclear field are parallel to the an axis of the triplet center, then the
description is simplified. If these fields are parallel to the z axis or make a not very large angle θ with it, then the
electronic polarizations in the presence of injection of nonequilibrium charge carriers are expressed in the form [7]:
P1 − P10 = τS 
⎪⎪c1⎪⎪
2
 Γ − P10
τ + τS
 ,   P2 − P20 = τS 
⎪⎪c1⎪⎪
2
 Γ − ⎪⎪c2⎪⎪
2
 Γ − P20
τ + τS
 , (21)
where Γ = (Γ+ – Γ0)/(Γ+ + Γ0 + Γ–), the P10, P20 are the equilibrium values of the electronic polarizations of the
triplet states.
The degree of nuclear polarization in this case, neglecting the nuclear field [7], is:

















Taking into account the nuclear field at the triplet center and assuming that Ix,y,z = Pnx,y,z/2, we obtain an expression
for the degree of nuclear polarization in the case when the field makes a not very large angle θ with the z axis, for
the condition that Pn >> Pn0:
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where b = 3f[τS/(τ + τS)]ΓS; µ = 2 sin2 θ; aD = hN/2HD; HD = (gµB)–1D.
For the case when the external field and the nuclear field are parallel to the z axis:
Pz = 2b [Hz ⁄ HE + (hN ⁄ 2HE) Pnz]2 (4 + 3 [Hz ⁄ HE + (hN ⁄ 2HE) Pnz]
2)−1 , (24)
where HE = (gµB)–1E.
Analogously, for the cases when these fields are parallel to the x and y axes:
Pnx,y = 2b [Hx,y ⁄ (HD  HE)] Pnx,y]
2
 (4 + 3 [Hx,y ⁄ (HD  HE)] Pnx,y]
2)−1 . (25)
Eqs. (23)–(25) determine the steady-state values of the degree of nuclear polarization for hyperfine interaction
of the nuclei with the triplet centers in an external field, taking into account the nuclear field for cases when the field
is parallel to an axis of the center or makes a not very large angle with the z axis. The equations obtained are valid
for silicon nanostructures containing excited triplet centers with spin S = 1. These centers effectively arise at dangling
bonds of silicon atoms in a Si/SiO2 nanostructure or in silicon nanocrystallites of size 2–3 nm in the presence of in-
jection of nonequilibrium charge carriers, the rate of which determines the lifetime of the triplet state and the rates at
which its levels are populated.
Calculation results and discussion. For the case when the direction of the external magnetic field and the
nuclear field make an angle θ with the z axis of the triplet center, we obtain the following results. In the absence of
a nuclear field at the triplet centers, the external magnetic field Hz creates the maximum degree of nuclear polarization,
determined by the single value Pn = PnH for Hz = HD (Fig. 1, curve 4). In the presence of a nuclear field and in the
absence of an external magnetic field, a zero solution additionally arises. If the condition aD = hN/2HD > acr
D
 or b >
bcr is satisfied, then two more positive solutions arise for Eq. (23) (Fig. 1, curve 5). Thus the parameters aD and b
are critical; when they exceed certain values, new solutions arise for the polarization equation (23). The curve showing
the degree of nuclear polarization in the steady state vs. the parameter aD or b has a shape typical of a second-order
phase transition (Fig. 2). The largest of the indicated solutions corresponds to PnH for the phase transition parameters,
but as the field hN increases, all other conditions being equal, its value drops. Application of an external magnetic
field in the same direction as the nuclear field leads to loss of the zero and intermediate solutions. Only the largest
solution remains, which (as shown by the analysis) is stable. In this case, the degree of nuclear polarization decreases.
An external magnetic field in the opposite direction relative to the nuclear field leads to an increase in all three of the
indicated solutions (Fig. 1, curve 2). However, this is observed only up to a certain value of the external field, exceed-
ing which in absolute value leads to a loss of the largest and intermediate solutions (curve 3). We interpret the iden-
tified effect as the appearance of self-sustaining nuclear polarization as a result of the intrinsic nuclear field, initiated
and modulated by the external magnetic field.
Fig. 1 Graphical solution of Eq. (23) for b = 2, θ = π/6, aD = 7: Y = Pn (1),
F(Pnz) (2, 3, 5), PnH (4); Hz/HD = 0 (5), –1 (2), and –2 (3).
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Initiation means that this effect arises only in the presence of an initial nuclear polarization, while modulation
means that subsequent variation of the external magnetic field leads to a jump in the degree of nuclear polarization
(Fig. 3). An increase in the external magnetic field in the same direction as the nuclear field is accompanied by a
jump in the degree of nuclear polarization by no more than a factor of 2–3. In an external magnetic field in the op-
posite direction, the jump in the degree of polarization is as high as by a factor of 10–13 for b = 2, aD = 6 and in-
creases up to 600-fold for b =  1, aD = 5 (Fig. 3). The difference between the absolute value of the degree of
polarization is less in the second case than in the first case.
The electric field in this case is controlled by modulation of the parameter b. This modulation occurs as the
injection rate is varied, which leads to a change in the ratio between the lifetime τ and the spin relaxation time of the
triple center τS. For example, as the injection rate increases, the recombination rate increases, which decreases the life-
time of the excited triplet state and increases the value of b. As the parameter b varies, a jump in the polarization also
appears (Fig. 4). The ratio achieved between the values of the polarization in this case is 20–40 for b = 2. 
The characteristic time for such jumps corresponds to the polarization time for nearby nuclei, which we esti-
mate on the basis of the model we developed for polarization of nuclei in a silicon/dielectric nanostructure [15]. For
silicon nuclei 29Si, for their natural concentration this time is on the order of 10–4 to 10–3 sec, provided that spin dif-
fusion is blocked. As the concentration of the 29Si isotope increases, it decreases down to 10–6 to 10–5 sec.
Fig. 2 Degree of polarization of 29Si nuclei in the stable state as a function of
the critical parameters aD and aE for b = 2: 1) field direction makes π/6 angle
with the z axis, Hz/HD = –1; 2) field is parallel to the z axis, Hz/HE = –10.
Fig. 3 Jump in nuclear polarization in an external magnetic field: 1) aD = 6,
b = 2; 2) aD = 5, b = 1.
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Note that for application of the identified effects, we should eliminate channels for leakage of nuclear polariza-
tion and maintain the necessary ratio between the times τ and τS, which is possible when using silicon nanostructures.
Analogous results were obtained for the case when the nuclear field is parallel to an axis of the triplet center
(Fig. 2, curve 2). In this case, we also observe phase transitions, which are controlled by the magnetic or electric field
(potential), the jump is smaller and is no greater than by a factor of 1.5–2. The calculations performed using the equa-
tions for the general case have confirmed the results obtained in the situation when the nuclear field makes an angle
θ with the z axis of the triplet center.
The mechanism for the appearance of self-sustaining polarization is as follows. Injection of nonequilibrium
charge carriers in nanostructures is responsible for the transition of the triplet centers to the excited state. In an exter-
nal magnetic field, the triplet center acquires the spin polarization needed for initial polarization of the 29Si nuclei.
Over the course of 10–5 to 10–3 sec, polarization occurs for the nuclei surrounding the triplet center, i.e., nearby nuclei
[15]. At the same time, relaxation processes begin for the nuclei at the triplet and other centers, and also spin transfer
to more distant nuclei as a result of spin diffusion between nuclei. In this case, the spin diffusion process can be
blocked as a result of a diffusion barrier [16], and also when using structures containing silicon nanocrystallites with
passivated boundaries. After the external field is turned off, the triplet center is found in the magnetic field created by
nearby nuclei. Such a field maintains the spin polarization of the triplet center, which in turn is responsible for nuclear
polarization. Under the conditions considered above, this process is self-organized in such a way that the steady-state
values of the nuclear and electronic polarizations are held constant. Self-sustaining polarization exists provided that the
rate of spin transfer to distant nuclei, and also the rate of nuclear relaxation at other paramagnetic centers, which do
not promote nuclear polarization, are substantially slower than the rate of spin exchange between the triplet center and
nearby nuclei. The indicated effect arises jumpwise as the system parameters vary. It is analogous to a second-order
phase transition. In this case, variation of the external magnetic field or the rate of charge carrier injection leads to a
change in the phase transition conditions, which makes it possible to control the process of a jump in the degree of
nuclear polarization.
In charge carrier injection as a result of an external electric potential, the process of polarization of the silicon
nuclei can be controlled, such as by turning on and off the injection itself or by changing the type of injection (the
ratio of electrons and holes) or the injection rate.
In Si/SiO2 nanostructures, the triplet centers arise naturally at dangling silicon bonds Si–S1 [7]) at the inter-
face. In a silicon nanostructure with another dielectric, they arise as a result of excitation of charge carriers in the sili-
con nanocrystallites [17]. In an external magnetic field in silicon nanocrystallites of size 2–3 nm, substantial
polarization of nuclei for the magnetic isotope of silicon is possible using such states. In this case, nuclear polarization
will be self-sustaining after removal of the magnetic field in the presence of excited charge carriers. Since the bounda-
ries of the nanocrystallites are passivated, the wave function of the electron is localized in the nanocrystallites [18].
Fig. 4 Jump in nuclear polarization as the charge carrier injection rate in-
creases: 1) aD = 6; Hz/HD = –0.75; 2) aD = 7; Hz/HD = –0.50.
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This makes it possible, by choosing the concentration of the magnetic isotopes and the size of the nanocrystallite, to
control the nuclear polarization using an electric field, which is important for designing memory components based on
nuclear spins and setting up quantum calculations.
The considered effect can be detected by using optical methods, such as from the change in the polarization
of luminescence arising as a result of recombination processes at the triplet centers, or from decay of polarization of
luminescence in a transverse magnetic field [19]. This effect can also be detected by an electric method, by measuring
tunneling magnetoresistance in a silicon/dielectric nanostructure, which under the considered conditions depends sub-
stantially on the nuclear polarization.
Conclusion. Injection polarization of nuclear spins in silicon nanostructures with hyperfine interaction of sili-
con nuclei with excited triplet states leads to the appearance of self-sustaining nuclear polarization as a result of the
intrinsic nuclear field. In this case, we observe a jump in the degree of nuclear polarization when the external mag-
netic field or the charge carrier injection rate is varied. The time for transition from one state to another depends on
the concentration of magnetic isotopes of silicon, and varies from 10–3 sec to 10–6 sec. When the magnetic field is
varied, the change in the degree of nuclear polarization is as high as 600-fold. As the charge carrier injection rate in-
creases, the increase in the degree of nuclear polarization at the jump is as high as by a factor of 20–40. The consid-
ered effect can be used to design memory based on nuclear spins, controllable by electric potentials, and also in
setting up quantum calculations.
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